from developing large-scale anti-satellite (ASAT) weapons systems, this might not always be the case. The United States, China, and Russia have all tested groundbased ASAT weapons and further research is ongoing. India has expressed interest in developing a hit-to-kill ASAT weapon as well. China and Russia in 2008 and the European Union (EU) in 2010 have drafted treaty language to prohibit space-based ASAT systems but still no treaty exists. A brief discussion of satellites follows.
There are two kinds of orbits in which a satellite circles the Earth: elliptical orbits and circular orbits. Elliptical orbits fly around the Earth in the form of an ellipse, with the Earth at one focal point (see figure 1.1). Such orbits are used mostly for spy satellites that want to travel at a very low distance over certain parts of the world. It is also the type of orbit employed by the Global Positioning Satellite system (GPS). For all orbits, the period of the orbit is proportional to the altitude. For circular orbits at an altitude of about 35 000 km, the period is 24 h. The satellite circles the Earth in the same amount of time that the Earth rotates; therefore, the satellite stays in one location above the Earth. Telecommunication satellites use geosynchronous orbits for TV, data, and voice transmission.
The original GPS system was called NAVSTAR and consisted of 24 satellites in six different orbits. The NAVSTAR system originally transmitted two sets of signals, one classified and the other unclassified. The unclassified signal was designed to give anyone an accuracy of within 100 m in all three directions just by using a GPS receiver, which is now the size of a deck of cards. However, advances in technology have made it possible for everyone to use GPS with greater accuracy than 100 m. The classified signal used atomic clocks and synchronized signals to allow the military to get within 30 m 90% of the time and 10 m 50% of the time. In April 1997, the military opened up a classified channel to everyone for 19 h to help search for a missing A-10 aircraft. Users of the GPS system during those times 1-2 claimed that they could pinpoint their location to within 2 m1. The GPS system is shown in figure 1.2.
'Schwartz S I (ed) 1998 
Radar
Radar systems are crucial to any missile defense system. As mentioned previously, radar was developed for military use and was used successfully by Great Britain to counter German bomber raids over England. The term RADAR was coined in 1940 by the United States Navy as an acronym for RAdio Detection And Ranging2. Radar is an object-detection system that uses radio waves to determine the range, angle, or velocity of objects. It can be used to detect aircraft, ships, spacecraft, guided missiles, motor vehicles, weather formations, and terrain. A radar system consists of a transmitter and receiver and uses radio or microwave radiation. The energy emitted by the transmitter is reflected off an object and returns to the receiver and gives information about the object's location. By measuring the shift in frequency between the transmitted and reflected wave, it can also determine an object's speed.
Radar is used today for a myriad of tasks. It is used by law enforcement for traffic control and detecting speeding violations. It is used at airports for air-traffic control and on airliners for collision avoidance systems. It also allows airliners to land when weather conditions inhibit visibility. Radar has become the primary tool for meteorologists for weather forecasting. It can measure the location, path, and severity of approaching weather, such as thunderstorms, hurricanes and snowstorms and provide early warning of possible tornadoes. Finally, it is crucial to the success 1-3 of any national or regional missile defense system. Radar 
Early history5
In the 1950s, the U.S. built an extensive array of anti-aircraft missile systems that were deployed around the periphery of the United States. The first such missile was called the Nike Ajax, which was later replaced by the Nike Hercules (shown in figure 1.3) . A typical Nike Hercules Battery consisted of three areas, an administration and barracks area, the Integrated Fire Control (IFC), and the launch area. The IFC contained all the identification, tracking, and guidance area and provided the signal to launch. The launch area generally contained four launchers and six missiles. It also housed the warheads, either conventional or nuclear. The yield of the nuclear weapon could vary from the explosive power of the weapon exploded over Nagasaki or a yield of one tenth of that yield.
It is interesting to note that the general public at the time did not know that the Nike Hercules missiles, stationed in the United States, could be armed with nuclear warheads. These warheads were stored on the missile sites as mentioned above, which were generally close to major population centers, such as Los Angeles. Even though the system was inaccurate, it could still destroy incoming bombers by flying close to them and detonating the warheads high above the cities. By the early 1970s the U.S. Army began transferring control of these batteries to the National Guard. Most of the batteries in the United States (except for a few in Florida) were finally decommissioned in 1975. They had become obsolete and were unable to engage modem aircraft with their sophisticated electronic counter measures. The Nike Hercules missiles that were deployed in Germany, outfitted with nuclear warheads, could also be used as a medium-range surface-to-surface missile6.
6 The author's first assignment as a Second Lieutenant, was at a Nike Hercules battery high in the San Gabriel Mountains overlooking Los Angeles. There were six nuclear warheads stored on site. In the early morning of February 9, 1971 , in the foothills of the San Gabriel Mountains, the San Fernando earthquake (also known as the Sylmar earthquake) occurred and measured between 6.5 and 6.7 on the Richter Scale. It created a small crack in the concrete bunker that contained the nuclear weapons. The author was the duty officer that night and nervously measured the width of the crack after each of the several aftershocks that happened. He worried that the crack would widen, breaking open the concrete bunker and nuclear warheads would be rolling down the mountainside. As the ranking officer on site, he would be held responsible for the disaster.
The first attempt to build an ABM system occurred in 1957 resulting in the Nike Zeus (see figure 1.4). 
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In its first test in 1962, the missile flew close enough to its target to be destroyed by its nuclear warhead, and the test was considered a success. However, it was not deployed due to its prohibited cost, concerns with detonating a nuclear weapon in the atmosphere, and its limited operational capability7. The This proposal was not welcomed by those living in the cites that were to be protected, and many scientists who feared the effects of large nuclear explosions above the cities. Also, some hawkish members of the U.S. Congress were disappointed that the system was not going to be much larger to protect against a Soviet first strike9. On the other side of the spectrum, concern was raised about how such a system would lead to a new arms race and how it could adversely affect future arms control negotiations10. When President Richard Nixon took office in 1969, he stopped all work on the project to conduct his own study of its feasibility. The new administration quickly decided upon a new system called the Safeguard system. In addition to the long-range Spartan missile, there would be a smaller, faster, and shorter-range missile called the Sprint, which was an updated version of the interceptor envisioned for the Nike-X system. The Sprint (see figure 1.6) would carry a low yield nuclear weapon and accelerate extremely fast. Should the Spartan miss its target, the Sprint would engage the target as the warhead re-entered the atmosphere. The U.S. Senate approved the first phase of the Safeguard system in 1969 when the then current Vice President, Spiro Agnew, cast the tie-breaking vote. President Nixon wanted to deploy an ABM system that would cost less than the Sentinel system but defend against the Chinese and Soviet threat. There was no possibility to build such a system to defend cities. However, the U.S. was worried about the survivability of its ICBM force because of the threat posed by the Soviet's three-warhead SS-9 missile11. The U.S. did not know at the time which type of warheads were carried by the SS-9 and took the worst-case view that they could independently target U.S. ICBMs. They The answer to the first question appeared to be no. There were just too many things that an incoming missile could do to evade the system. It could use decoy warheads, which would fool the radar and cause the wrong targets to be attacked outside the atmosphere. It could employ electronic counter measures against the radars or harden the warheads to withstand the blast from the ABM missiles. It would overwhelm the system by using lots of multiple warhead missiles. Finally, there was concern about the Electromagnetic Pulse (EMP), generated by the explosion of the Spartan's warhead, that might blind the Safeguard's radar system13.
13 An Electromagnetic Pulse (EMP) is the result of the ions produced in a high-altitude nuclear explosion. This can disrupt ground-based and satellite radio signals for several hours, severely affecting early warning and communication systems. The production of these ions creates extremely large electric and magnetic fields that propagate over large distances. It is similar to the effect of a lightning strike, except that the fields are orders of magnitude larger and are produced much quicker. This makes EMP much more damaging than the effects of lightning. The EMP produces large voltages on electrical devices. Long metal wires, power lines, metal pipes, metal fences, railroad tracks, and antennae can all act as collectors for the EMP extending the effect throughout large areas. The EMP could damage electrical power grids, radio and TV stations, and telecommunications. Particularly susceptible are low-power, high-speed integrated circuits, and computer systems. 14 Op. Cit It was clear that the vast number of Soviet MIRVs could easily defeat the system. It is ironic that the MIRV technology, first developed by the U.S. to overwhelm the Soviet ABM systems, would now make the U.S. ABM system obsolete. Also, a major problem with the U.S. ABM system was the fact that it required nuclear warheads to intercept incoming missiles.
The Soviets continued to operate their system around Moscow. It was comprised of two missiles, similar in concept to the Safeguard system, both carrying nuclear warheads. However, after the fall of the Soviet Union, the Russians have been either unable or unwilling to maintain the system, and it has deteriorated significantly.
In There are several possible targets to be engaged. First is the missile itself, or in the vernacular of missile defense technicians, the booster. Secondly is the bus, or post boost vehicle, which can carry multiple warheads and other devices used to foil an ABM system, called penetration aids, or penaids for short. Finally, there are the individual nuclear warheads or re-entry vehicles (RVs). Figure 1 .8 shows the flight path for the missile and its warheads. There are three major parts to its path called the boost and post-boost phase, the midcourse phase, and the re-entry phase. The U.S. has examined systems to attack targets in all three phases.
The rocket engine burns for about 2-5 min (called the boost phase) and then begins to fall back to Earth. The ICBM is generally 300 to 800 km down range and at an altitude of between 200 and 600 km at this point. It releases the bus, which begins to coast along its path until it leaves the atmosphere (the post-boost phase, which lasts from two to 10 min). During these times, if the booster or bus is destroyed, everything else it is carrying is also destroyed. The rocket engine signature is very dramatic, and there is an enormous amount of heat flowing from the back of the rocket, making it easy to observe.
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The Continuing Quest for Missile Defense This heat is emitted as infrared radiation. Even as the bus moves through the upper atmosphere, air friction makes the bus's temperature greater than the ambient air, and again makes it easy to detect with infrared sensors. However, if detection is to be performed by satellites, the rocket must make it through the cloud cover before it is easily detected. This could take anywhere from 10 s to a minute.
Detecting a launch in the boost and post-boost phase is only one part of the problem. The targets must also be tracked. For most ICBM launches, the rocket goes straight up for about 15 s before it begins to follow its parabolic path. It is difficult to determine how far down range the missile is traveling unless it is tracked. This means that a missile defense system would not know if the missile were aimed at a target 4000 km or 10 000 km down range until near the booster burnout point. Also, some ICBMs such as the Russian SS-18 and SS-27 can change directions during the boost phase. Finally, the ICBM does not travel at a constant rate of acceleration during the boost phase. As rocket fuel is consumed, and empty stages are jettisoned, the acceleration of the rocket changes. Any attempt to engage an ICBM during its boost phase must be able to anticipate this jerky pattern.
After the post-boost phase, the bus begins to release the RVs, which coast through space. The bus may also release decoys at this time. There could be hundreds of decoys. They are very light but can be made to have the same size and radar signature as real RVs. The RVs and decoys could be fabricated with special coatings or enclosed in cooled 'balloons' to help reduce their infrared signature. In outer space, they are all at the same temperature and, without the effects of air friction, they all move in the exact same manner.
In addition to decoys, there are many other objects that can be used to foil an ABM system. There is usually debris left from the deployment of the RVs and from the rocket stage separations. An adversary could also explode the final rocket stage 1-14 to increase the launch debris. Chaff (numerous thin metal strips) could be released to help foil radars and make finding the RVs and decoys much harder. There could be active electronic jamming devices that broadcast a signal to confuse radar systems. Finally, it has been postulated that some warheads could be programmed to detonate if they were struck while en-route to their target. The EMP produced by this high-altitude explosion could blind or even destroy those items being used to track and identify the incoming RVs, particularly those stationed in outer space.
The midcourse phase can last from 20 to 30 min. At this point the RVs enter the atmosphere again and fall toward the target. The decoys are now severely affected by air friction and are easily distinguishable from the RVs. However, after the RVs re-enter the atmosphere, there are only a few minutes left before they must be engaged.
The SDI program was initially sold as providing a shield to protect the whole of the United States, making nuclear weapons obsolete. However, the truth was that it was designed, at least initially, to counter only the threat from ICBMs. An SLBM's flight path is very short, and it does not even enter the upper atmosphere. In 1985 the SDIO released its vision for SDI. It was a seven-layer system with thousands of space-based systems. This Phase I Architecture was approved in 1987 and consisted of: a space-based interceptor (SBI), a ground-based interceptor, a ground-based sensor, two space-based sensors, and a battle management system (see figure 1.9 
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The initial systems envisioned for SDI used an assortment of weapons systems from rail guns, high-energy lasers, and directed particle beams. Over the next four years SDI researchers examined each of these systems but came to the conclusion that they were just not ready for use in an effective system. The weapons systems were also large, requiring an enormous increase in the capability of the U.S. space program to frequently launch heavy payloads. Finally, these large satellites would prove to be easy targets for a Soviet Anti-Satellite (ASAT) weapon. A brief discussion follows on each of the systems.
A new gadget, called a rail gun, also called a kinetic kill vehicle, received serious consideration. A rail gun (see figure 1.10) would use strong pulsed electric and magnetic fields to propel large metal projectiles at hypersonic speed, disabling a target. Because of the large electrical power needed to accelerate projectiles, plans were to develop an operational system for naval vessels to use against incoming missiles. Current research is focused on designing self-guided projectiles and miniaturizing power supplies to be able to deploy them in space. Nuclear and high-energy physicists have long used particle accelerators to study the properties of matter and the nuclear and strong force. The new application of this technology was to use intense beams of high-energy particles to melt holes in the metal skin of the missile or warhead. The beams might also be effective in damaging the electronics inside used to arm and guide the missiles or warheads. The particles from these directed-energy weapons would be traveling close to the speed of light and allow for a rapid-fire defensive system (see figure 1.11).
Charged particle beams, using ions, protons, or electrons are not usable in outer space. The like charges repel each other, forcing the beam to diverge, and the charges are deflected by the magnetic field of the Earth. However, neutral beam accelerators, producing high-energy beams of hydrogen atoms can be employed. Neutral beam accelerators start with ions that are accelerated using 1-16 strong electric fields as with charged particle accelerators. After the ions are accelerated they are sent through a 'stripper' which adds or removes electrons, as needed, to make the ions neutral atoms. The technology is promising but current systems are too large to deploy in space and have not overcome problems with steering and focusing. Charged particle beams can be used on land-based systems. The intense beam of charged particles burns a channel through the atmosphere by super-heating it. This channel keeps the beam focused. However, they only have a useful range of 1 km. Considering that an RV is traveling at about 10 km s_1 before it hits its target, engagement times would be on the order of tenths of seconds. Such systems would be suitable for the defense of military targets such as ICBM silos, but too risky for the defense of cities.
The term 'laser' stands for light amplification by stimulated emission of radiation. A laser produces a very intense narrowly focused beam of electromagnetic radiation. Lasers in the infrared, visible, ultraviolet, and x-ray parts of the electromagnetic spectrum have been used in industry, medicine, and science research. High-powered lasers are also used in inertial confinement fusion. The SDI program examined the possibility of using lasers, particularly space-based lasers, to engage ICBMs in the boost phases and RVs in the midcourse phase. Chemical-fueled lasers, such as CO2, HF, and Iodine lasers, whose output is in the infrared, showed some promise (see figure 1.12). However, the size of such an airborne laser, and the amount of fuel needed for each system, make deployment of an effective system unachievable at the present. In addition, the technology needed to build large, lightweight mirrors to launch into space to be used to reflect the powerful laser beams onto a target has yet to be developed.
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The Continuing Quest for Missile Defense Ground-based lasers were also studied (see figure 1.13). They consisted of the above-mentioned chemical lasers and new types of lasers called excimers, and free electron lasers that produced energy in the ultraviolet part of the spectrum. They are still in the experimental stage; but a large CO2 laser was able to shoot down an aircraft in a test in 1973 against a target drone and a more recent test in 200822. These systems would be most useful during the re-entry phase. Using ground-based lasers against targets in the midcourse phase still has some significant difficulties. As a high-power laser beam penetrates the atmosphere it tends to spread apart, called de-focusing. In order to compensate for this, the beam must be spread across a large, curved space-based mirror, that focuses the power on the target and prevents the mirror from overheating. The mirrors must be large and precisely fabricated yet be able to quickly aim at the appropriate targets while being light enough to be deployed in space (see figure 1.14). 
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The Continuing Quest for Missile Defense It was basically a small nuclear weapon inside a container that had many metal cylinders protruding outward. When the nuclear weapon was detonated, the metal cylinders would vaporize, and x-rays would then be emitted in a collimated beam along the direction of the cylinders. These intense x-ray beams could then destroy RVs in the midcourse phase (see figure 1.16). Some proposed housing them in space, although that would be against a treaty prohibiting nuclear weapons in space or suggested that the lasers could be mounted on rockets and fired into space when an attack was occurring. Research on the x-ray laser ended when the U.S. decided to stop testing nuclear weapons. It was also clear that the x-ray laser project was oversold from the beginning.
Recent history
The original SDI proposal was clearly overambitious, but research efforts contin ued. Ground-based missile system research shifted from using nuclear warheads to a hit-to-kill philosophy where the target would be disabled 
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The Continuing Quest for Missile Defense Research also continued on space-based systems encouraged 
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Since the Brilliant Pebbles satellites could be mass-produced, and there was one less system of sensors needed, the cost of deploying the system would be reduced. Also, the large directed-energy weapons systems that were easy targets for a Soviet ASAT weapon would be replaced by thousands of smaller, and harder to target, satellites (see figure 1.21 
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The Continuing Quest for Missile Defense The SDIO sent their proposal to the U.S. Congress for funding which passed the Missile Defense Act of 1991. This legislation stated that a limited defense system should be in place by 1996 that was in compliance with the ABM treaty. This system then could have no more than 100 ground-based interceptors near the Grand Forks Air Force Base. Although Brilliant Pebbles would not be part of this system, the legislation provided funding to continue research and development and encouraged renegotiating changes to the ABM Treaty for the deployment of future systems36 37 38 39 40 . The Missile Defense Act of 1991 increased funding for TMD systems, which will be explained further below. 
